The observation of series of cluster cations [IMI n CH 3 ] + suggests either CH 3 + cation to be solvated by n neutral IMI molecules, or the electron-induced chemistry has led to the formation of protonated methyl-imidazole solvated by (n−1) neutral IMI molecules.
Introduction
Imidazole (IMI) C 3 H 4 N 2 is ubiquitous in nature as an important building block in biology (Scheme 1). It is present in, for example, the amino acid histidine, the hormone histamine, or antifungal drugs and antibiotics, and when fused with pyrimidine it forms purine that is the most widely distributed nitrogen containing heterocyclic molecule in nature [1] . Thus, IMI belongs to the simplest heterocyclic compounds of a five-membered aromatic ring containing two nitrogen atoms. Electron-induced processes in gas-phase IMI, such as, electron ionization and dissociative electron attachment (DEA), have been well documented [2, 3] . While the ionization of IMI leads predominantly to the release of neutral HCN associated with the ring opening, and to the loss of an H atom [2] , the DEA to IMI is dominated by H atom loss [3] . However, other DEA reactions were observed associated with the opening of the ring structure, including multiple dehydrogenation reactions [3] . Many of the anions formed through DEA to IMI are associated with the release of neutral HCN. Thus, the release of HCN seems to be an important by-product in the decomposition of both, positive and negative ions of IMI molecule [2, 3] .
[Insert Scheme 1 here, please]
The fragmentation induced by energetic particles may change significantly going from isolated molecules to molecular clusters [4] , including an opening up of new fragmentation channels [4, 5] and/or new covalent bond formation [6, 7] . Recent work on ionization of neutral IMI clusters by electrons and photons has pointed out the strong hydrogen bonds N−H•••N in IMI, which can lead to hydrogen or proton transfer between the cluster constituents upon excitation, resulting in the observation of protonated IMI clusters (C 3 H 4 N 2 ) n H + with n ≤ 5 [8] . Ab initio calculations on neutral IMI clusters suggest the hydrogen bond N−H•••N structural motif to be always present [8] [9] [10] , which was confirmed in the case of the neutral dimer by rotational spectroscopy [10] . The recent infrared spectroscopy study of the IMI trimer in helium nanodroplets has shown through unambiguous free NH stretching mode that imidazole molecules tend to form linear structures due to their dipole-dipole interactions [11] .
Superfluid helium nanodroplets (HND) offer a unique environment to study chemical reactions at ultracold temperatures [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Atoms and molecules that collide with a droplet are picked up and transferred in most cases to the centre of the droplet. Evaporation of weakly bound He atoms cools quickly both the droplet and the dopants down to 0.37
The existence of metastable excited states in superfluid HND can trigger the ionization of embedded atoms and molecules by Penning ionization [26] . These metastable states can be promoted, e.g., by the inelastic collision of a He atom with an electron. Additionally, an inelastically scattered electron may recombine with the metastable He atom forming highly mobile He* − that can transfer its negative charge and/or electronic excitation energy to the dopant [16, 27] . This process showed to be dominant at electron energies of ~ 22 eV [27] . On the other hand, the cations of dopants in HND can be produced also via formation of He + that approaches the dopant via resonant hole-hopping and a final highly exothermic charge transfer to the dopant [28] . The cooling power of superfluid He has been reported to quench many fragmentation reactions and thus enables the study of short-lived reaction intermediates [29] . Here we utilize a high-resolution time-of-flight mass spectrometry to study formation of positive and negative ions upon electron collisions with helium nanodroplets doped with IMI.
Experimental section
He nanodroplets are formed upon expansion of pressurized (2.4MPa) and precooled (9.75K for cations and 9.80K for anions) He with a purity of 99.9999% through a 5µm pinhole into ultra-high vacuum. Evaporative cooling drops the temperature of the droplets to 0.37K [25, 30] . Under these conditions, the resulting droplet size distribution is log-normal with an average size of about 2×10 5 He atoms [31] . After passing a skimmer to prevent shock fronts that destroy the droplets they enter a differentially pumped pickup chamber where IMI vapor is present. IMI (purity ≥ 99%) was used as received from Sigma Aldrich (Austria [32, 33] . Cluster ions that are ejected from the HND and most of the time free of attached He atoms are guided with electrostatic lenses to the extraction region of an orthogonal extraction reflectron time of flight mass spectrometer (Hi-TOF, TofWerk GmbH) with a mass resolution m/∆m=3500 in the present study. The particle density of the IMI was controlled by the heating power and set to achieve a desired cluster size distribution. Figure 1 shows the mass spectrum for negative ions formed upon electron bombardment of HND doped with IMI at an electron energy of 22 eV.
Results and discussion

Anion formation upon electron irradiation of imidazole doped HND
[Insert Figure 1 here, please]
As already mentioned, the dominant process at this electron energy with He is the formation of highly mobile He* − (within superfluid HND) by the attachment of the scattered electron to the excited He* [27] . The ion-induced dipole interaction between the He* − and the dopant will attract the two species and lead to the transfer of the negative charge and/or electronic excitation energy. In dissociative electron attachment to gas-phase molecules each fragment anion is formed at specific resonances [34] , however, in doped HND all possible anions are formed through the interaction of the dopant molecule with He* − [35] . In Figure 2 we show anion efficiency curves for some selected anions around the dimer and trimer region of the cluster size distribution. Two relatively weak features are observed at around 13 eV and 32 eV, however, the dominant resonance is at 22 eV corresponding to an intermediate He* − that is responsible for the formation of the anions observed in the present study at this electron energy.
In the Figure 
[Insert Figure 2 here, please]
In order to deduce the correct yield of all anions contributing with their isotopic patterns to the measured mass spectrum we utilized our recently developed software channel in dissociative electron attachment to isolates molecules of IMI in the gas phase [3] .
The electron affinity of the (IMI−H)
• radical is the highest (2.6 eV) when H is removed from the N1 position of IMI (see Scheme 1) [3, 37] . For the formation of the anion IMI n (IMI−H) − , the precursor cluster had to be of the size ≥ n+1, where one of the IMI molecules fragmented upon the electron transfer from He* − . The thermodynamic threshold for the formation of (IMI−H) − was reported to be 1.36 eV (measured in the DEA to gas-phase IMI [3] ) slightly smaller than determined from another study 1.51 eV [37] . The endothermicity of the reaction suggest that some of the excitation energy has been transferred from He* − to the dopant as well.
[Insert Figure 3 here, please]
We also observe a formation of parent anions of IMI clusters as it was the case in a number of other biomolecules studied in HND, such as DNA bases [38] and amino acids [16, 39] . The IMI n − cluster series is shown in Figure 4a together with a section of the mass spectrum (Figure 4b) showing the fit of the experimental data. For some amino acids, the intensity of the parent anions can be comparable or even larger than the intensity of the corresponding dehydrogenated anion. However, in the case of IMI the intensity of IMI n Figure 1 ) highlights much more complex reaction in IMI cluster upon electron uptake. As product ions containing C 2 H 4 moieties exhibit a minimum cluster size we expect that at least two IMI monomers are involved in their formation process. As discussed above, the reaction between two IMI molecules lowers the endothermicity for the formation of C 2 H 4 moiety associated with the formation of several HCN molecules. Attachment of the electron to HCN molecule can lead to the formation of CN − moiety noted in several of the anion cluster series observed. [Insert Figure 7 here, please]
Cation formation upon electron irradiation of imidazole doped HND
We have deduce the correct yield of all cations contributing with their isotopic patterns to the measured mass spectrum using the software IsotopeFit [36] and plotted in the following the evolution of the ion signal as a function of the cluster size n. Figure 8 shows the ion yield for the formation of the most abundant protonated imidazole cluster cations IMI n H + .
Protonated IMI clusters were the only ions observed in the electron-and photo-ionization of bare IMI clusters [8] , however, with sizes only up to n = 5. The ab initio calculations in Poterya et al. [8] showed that ionization of an IMI dimer is followed by a proton transfer from one IMI to the other. Thus, in the formation of imidazole cluster cations IMI n H + a radical (IMI−H) • needs to be ejected from the HND.
[Insert Figure 8 here, please]
Another series of cations observed corresponds to the ionized imidazole clusters IMI n + , which distribution is shown in Figure 9 . The distribution shows an exponential decay, however, the parent monomer ions IMI + may be formed also upon electron ionization of isolated IMI molecules reaching the ion source. The intensity of IMI n + cluster cations decreases with increasing n, however, not as fast as the intensity of protonated cluster cations IMI n H + shown in Figure 8 . Thus, the larger the precursor cluster, the less likely it is to transfer a proton and to form the protonated cluster cation IMI n H + than the parent cluster cation IMI n + . Nevertheless, the intensity of the parent cluster cation IMI n + is always smaller than the respective protonated cluster IMI n H + .
[Insert Figure 9 here, please]
The most peculiar cations observed to be formed are cluster cations of the form
The intensity of these cations as a function of the cluster size n is shown in Figure 10 . The formation of CH 3 + ion through ionization of a sole IMI seems unlikely as the low mass fragment ion in the ionization of IMI [2] is appearing at m/z 14. Even though the origin of this mass is not discussed, the deuterated studies suggest this fragment to correspond to a CH 2 + cation [2] . Therefore, it is more likely that the CH 3 + cation is formed in the reaction of at least two IMI molecules. Considering the structure of the IMI n CH 3 + cluster cations, there are two possibilities, either the formed CH 3 + cation is solvated by n neutral IMI molecules, or the formed radical cation CH 2 + reacts with another IMI molecule to form protonated methyl-imidazole C 4 H 7 N 2 + that is solvated by (n−1) neutral IMI molecules.
[Insert Figure 10 here, please]
Conclusions
The The measured onset for the cation formation is observed at 24.6 eV that is the IE of He, which indicates that the cations are formed through ionization of IMI n by He + . The formation of cations is dominated by the formation of protonated cluster ions IMI n H + .
The formation of parent cluster cations IMI n + is also observed, however, preferentially for the small cluster size n, while the intensity of IMI n + decreases with n much more rapidly than in the case of the protonated IMI n H + cluster cations. The ion yield represents the total counts of the respective ion, including all possible isotopologues and was determined via IsotopeFit [36] . The ion yield represents the total counts of the respective ion, including all possible isotopologues and was determined via IsotopeFit [36] . and was determined via IsotopeFit [36] . Please note that the parent monomer ions IMI + may be formed additionally upon electron ionization of isolated imidazole molecules reaching the ion source. 
